The redshift distribution of flat-spectrum radio sources with 5 GHz flux densities S 5 ∼ > 5 mJy is a key component in using current radio lens surveys to probe the cosmological model. We have constructed the first flat-spectrum radio sample in the flux density range 3-20 mJy. Our new sample has 33 sources; we have determined the redshifts of 14 of these (42% complete). The low mean redshift, z ≃ 0.75, of our faintest sample needs to be confirmed by further observations to improve the sample completeness. We also increased the redshift completeness of several surveys of brighter flat-spectrum sources. While the mean redshift, z ≃ 1.1 of flat-spectrum samples fainter than 1 Jy is nearly constant, the fraction of the sources identifiable as quasars steadily drops from ∼ 80% to ∼ 10% as the flux density of the sources decreases.
Introduction
Imaging surveys of flat-spectrum radio sources have been the most successful systematic programs for discovering multiply imaged gravitational lenses. The JVAS (Patnaik et al. 1992 , King et al. 1999 , CLASS (Browne et al. 2001 , Myers et al. 2001 , Chae et al. 2002 and PMNLS (PMN-based lensing survey) (Winn et al. 2000 (Winn et al. , 2002a (Winn et al. , 2002b surveys have discovered around 25 lenses to date, at a rate of approximately 1 lens per 600 sources. Since the targets are selected from flux-limited catalogs of sources found in low resolution single-dish observations and the radio properties of a lens are unaffected by the optical properties of the lens galaxy or extinction in the lens galaxy, the radio lens samples avoid many of the possible statistical biases in samples of lensed quasars.
Unfortunately, the radio surveys also examine sources whose intrinsic redshift distributions are poorly constrained, and statistical models of lens samples depend strongly on the redshift distribution. In particular, the optical depth to multiple imaging in a flat cosmology scales as τ ∝ D
3
OS where D OS is the comoving distance to the source (Fukugita & Turner 1991 , see also e.g. Kochanek 1993, and Falco 1999) , making the uncertainties in the redshift distribution an important source of systematic errors in using the statistics to estimate the cosmological model.
The three major flat-spectrum surveys, JVAS, CLASS and PMNLS, used 5 GHz flux density limits of S 5 = 200 mJy, 25 mJy and 60-80 mJy respectively. While complete redshift surveys were available for bright sources (S 5 > 300 mJy, e.g. CJI/CJII: Henstock et al. 1995 ; and the Parkes samples: Allington-Smith, Peacock & Dunlop 1991) , accurate calculations of lensing statistics need the redshift distributions of sources with flux only 10% that of the survey limit because magnification pulls the lenses from fluxes below the survey limit into the sample. Kochanek (1996) , in analyzing the JVAS survey, demonstrated that extrapolations of the flat-spectrum radio luminosity function to fainter fluxes left a strong degeneracy between the mean redshift of the fainter sources and the cosmological model. To address this problem, Falco, Kochanek & Muñoz (1998, hereafter FKM) began a program to systematically estimate the redshift distributions of fainter flat-spectrum sources. The initial survey considered samples of sources in three flux density ranges, 50-100 mJy, 100-200 mJy, and 200-250 mJy, with 45, 63 and 69 sources per sample and redshift completenesses of 58%, 68% and 80% respectively. Using these new measurements to constrain the flat-spectrum radio-luminosity function, FKM analyzed the statistics of the JVAS lens sample to find limits of Ω 0 > 0.27 at 2−σ (0.47 < Ω 0 < 1.38 at 1−σ), for flat cosmological models with λ 0 = 0. FKM showed that reconciling optical and radio lens surveys required corrections for extinction in the optical surveys.
The newer and larger CLASS and PMNLS surveys have still fainter flux density limits of S 5 > 25 mJy, which means that their analysis requires the redshift distribution of sources with flux densities as low as S 5 ≈ 3 mJy. Here we extend our redshift surveys of flat-spectrum radio sources toward these fainter flux densities. In §2 we present updated results for the three samples from FKM, each of which is now 80% complete. We also define a sample with flux densities from 20-50 mJy and present initial results on its redshift distribution. In §3 we construct a sample of flat-spectrum radio sources with 5 GHz flux density of 3-20 mJy and describe the initial results for its redshift distribution. In §4 we discuss the results and their implications for cosmology.
Sample Definition and Status
We divide our discussion of the samples into two sections. The first section updates the three brighter samples from FKM and defines two fainter samples with 5 GHz flux densities of 20-50 mJy. The next two sections discuss the construction of a sample of fainter flat-spectrum sources. These fainter samples must be treated differently because there is no 5 GHz survey from which to select targets with flux densities of 3-20 mJy.
Samples With Fluxes Above S 5 = 20 mJy
For sources brighter than S 5 = 50 mJy we can start from the flat-spectrum sources in the JVAS and MIT-Greenbank (MG; Burke, Lehár & Conner 1992) lens surveys. FKM selected samples of 69, 63, and 45 sources with 5 GHz flux densities between 200-250 mJy, 100-200 mJy, and 50-100 mJy from the JVAS, MG, and MG surveys respectively. The samples consisted of all sources inside the flux range with a survey region set by the epoch of the main optical spectroscopy run. I-band optical images were obtained for identification and spectra were obtained with the MMT. We subsequently defined two additional samples of flat-spectrum sources with flux density ranges of 20-30 mJy and 30-50 mJy by combining the GB6 catalog (Gregory et al. 1996) with the NVSS catalog . Tables 1-5 present these 5 samples with the estimated I-band magnitudes and the current redshift measurements, the emission and/or absorption lines identified and the "type" or classification of the objects. We have classified the objects only taking into account spectral characteristics: quasar (Q) for objects showing broad emission lines, BL Lac (b) for objects with only weak absorption lines but no emission lines, late-type galaxies (L) when only narrow emission lines are present and early-type galaxies (E) for spectra without emission features. We also have labeled as detected (D) objects with very low signal-to-noise ratio spectra where we found no emission or absorption lines. Because any broad emission line would have been easily detected on the D-type objects, we assume that they are radio-galaxies rather than quasars. In addition we have labeled the quasars as having relatively narrow absorption lines (N) and broad absorption lines (B). All three brighter samples (Tables 1, 2 & 3) from FKM are now 80% complete, while the two new, fainter  samples (Tables 4 & 5) are only 15% complete. Figure 1 shows the histogram of redshifts as in FKM for the 3 brighter samples and for the VLA sample (see below). Marlow et al. (2000) have measured 64% of the redshifts in a sample of 42 flat-spectrum sources with 5 GHz flux densities of 25-50 mJy; we rely on their results in this flux density range.
3. Selecting a Fainter Sample: VLA Observations Down to a flux density limit of about 20 mJy we can obtain samples of flat-spectrum sources by combining the GB6 catalog (Gregory et al. 1996) with the NVSS , but at flux densities below 20 mJy, there is no complete 5 GHz survey that we can use to define a flat-spectrum sample (GB6 reaches 15 mJy in certain areas, but biases would encroach). We have built a catalog of faint flat-spectrum radiosources with 5 GHz flux densities of 3 to 20 mJy by conducting a 5 GHz VLA snapshot survey of NVSS sources which might have 1.4 GHz flux densities in this range if they where flat-spectrum sources.
If S ν ∝ ν α , we define flat-spectrum sources as those with spectral indices α > −0.5 between 1.4 GHz and 5 GHz. While most flat-spectrum sources have −0.5 < α < 0.5, there is a small tail out to α ∼ 2. Thus, most flat-spectrum sources with flux densities of 10-20 mJy will have 1.4 GHz flux densities of 5-50 mJy. However, the relatively rare sources with 0.5 < α < 2 could have 1.4 GHz flux densities of only 0.5-5 mJy. Based on these expectations, we obtained 200 snapshots of "bright" 5-50 mJy NVSS sources and 100 snapshots of "faint" 2-5 mJy NVSS sources to construct a reasonably fair sample of about 50 flat-spectrum sources with 3-20 mJy flux densities at 5 GHz.
We obtained the 6 cm snapshots using the VLA in the C array (program AL467 on 1998.12.08 and 1998.12.10) . We chose the C array to ensure that most of the extended structure was captured, while still obtaining some information on the source morphologies. To reduce our VLA survey to fit in a reasonable observing schedule, we narrowed our DEC range to 25
• ±1
• and used only the northern sample RA=8 h →16 h (1950) , that was also covered by the FIRST survey (Becker, White & Helfand 1995) . Our 6 cm C-array maps should scale well with the 20 cm B-array FIRST maps, permitting detailed spectral index determinations of the individual radio components. Integration times were 3 min (5 min) per target for the 200 "bright" (100 "faint") targets. We applied standard VLA calibration techniques using observations of phase calibrators at intervals of ∼15 min, and an assumed flux density for 3C286 of ≈7.5 Jy. The resulting data were self-calibrated and mapped, yielding images, each with an angular resolution of 4 ′′ and covering field of ∼8 ′ . The off-source RMS noise levels were ∼0.13 and ∼0.073 mJy/beam for the "bright" and "faint" target maps, respectively.
For each target, the maps were visually inspected and photometric boxes were defined to enclose each radio component. We assigned a morphology code as follows: "P" indicates a point source; "G" is for part of a lobed radio galaxy; "Q" is for an anomalous morphology; and "F" is for an unclassifiable faint source. The VLA observations failed to detect 14 of the "bright", and 24 of the "faint" targets. These non-detections should all be steep-spectrum sources. The JVAS, CLASS and PMNLS surveys were originally selected based on 6 cm and 20 cm single-dish observations and could simply use ratios of the observed flux densities to determine the spectral index. While the NVSS survey resolution is sufficiently low to mimic single dish observations, our 6 cm VLA observations are not. A spectral index defined simply by the ratio of the NVSS and VLA flux densities will be biased towards a steeper spectral index because the VLA observations may resolve out some of the 6 cm flux density. To account for this we used the FIRST survey, whose angular resolution closely matches that of our VLA observations, to estimate a corrected spectral index. We used the NVSS/FIRST flux density ratio to estimate the flux density of any extended structre at 20cm, and then extrapolated its contribution to the 6cm flux density assuming a spectral index of −1. Adding this to the flux density measured with the VLA gives us a corrected 6cm flux density ("corr" in Table 6 ). We then computed a spectral index between the corrected 6 cm and NVSS flux densities. Figure 2 shows the distribution of spectral index against corrected 6 cm flux density for all of our targets (in grey). Those sources with corrected 6 cm flux densities in the range 3→20 mJy and a spectral index flatter than -0.5 were selected for optical follow-up. The resulting sample of 33 sources, presented in Table 6 and shown in Figure 2 (black), covers the flux density range below the CLASS detection limit. It is clear that without including the "faint" targets, our spectral index distribution would have been biased at fainter 6 cm flux densities. The spectral index and flux density distribution of the sources will not be a perfect match to a survey starting from a complete 5 GHz catalog, but it should be reasonably close.
Optical Follow up
We followed the same procedures as in FKM. We first obtained I-band images for each radio source at the Fred Lawrence Whipple Observatory (FLWO) 1.2 m telescope. The detector was the 4SHOOTER camera; it employs 4 edge-buttable, thinned and AR coated Loral CCD's. These chips have a 2048×2048 format with 15-micron pixels. At the focal plane, these map into 0.666 arcsec (binned 2 × 2). Our targets were centered on chip 3, which has a gain of 3.8 electrons per ADU and a readout noise of 9 electrons/pixel. We acquired up to three 30-minute exposures for each target, but 10 sources remained undetected in the combined images, implying they were fainter than I ∼ > 22 − 23 mag.
The magnitudes (see Table 7 ) were calibrated using only the measured magnitude of a few unsaturated GSC stars serendipitously found in our fields, assuming V − I=1 mag for them. We were concerned only with identifying the sources and estimating the likelihood of obtaining a redshift rather than in obtaining very accurate photometry. Moreover, most of the observations were carried out in non-photometric conditions; thus, accurate calibration was not possible in many cases.
For each of the 23 optically identified radiosources we acquired a spectrum with the 4.2m William Herschel Telescope at the Canary island of La Palma (Spain). We used the medium-resolution spectrograph ISIS with a dichroic slide permitting simultaneous observations in both blue and red channels. The detectors were a thinned EEV12-type (4k×2k) device on the blue arm with grating R300B covering the wavelength interval ∼ 3000-5500Å with a dispersion of 0.86Å/pixel, and a TEK CCD (1k×1k) on the red channel with grating R158R covering the wavelength interval ∼ 5500-8500Å with a dispersion of 2.90Å/pixel. The exposure times were typically 30 minutes; we combined 3 of these for the fainter objects. Despite the faintness of the objects, we unambiguously detected 19, or 83% of the optically identified objects. To determine the redshifts, we analyzed emission (absorption) line spectra with the IRAF 1 task EMSAO (XCSAO).
In Table 7 we show, for each object, the I-band magnitudes and redshifts obtained, the emission and/or absorption lines identified and the object classification as described in §2.1. Because of the faintness of the objects, correctly identifying the spectral features was a challenge. Of the 23 objects, we classified 5 only as "detected" (D-type, see §2.1) and 5 have only a tentative estimate (redshifts in parentheses). Of these 5, J0950+2434 and J1207+2530 had very noisy spectra; we used a tentative identification for the HK break to estimate the redshift. The continua of J0856+2426 and J1359+2516 were detected only near the noise level, but each spectrum contained a single narrow emission line that we tentatively identified with OII. Finally, J0904+2515 had a weak continuum plus a pair of relatively broad emission lines that we tentatively identify as Lyα and NeV. Including the tentative redshifts, the completeness of the redshift measurements is 42%.
Discussion
The most striking feature in the evolution of the flat-spectrum source population is the rapidly declining fraction of quasars for 5 GHz flux densities below 1 Jy, as shown in Figure 3 . FKM had already noted this feature, but the interpretation depended on the assumption that systems for which they failed to measure redshifts were likely to have the spectra of galaxies rather than quasars. Our measurements of additional redshifts largely confirm this assumption. With a completeness above 80% we found that at ∼ 1 Jy the quasar population is approximately 80%, however at ∼ 100 mJy it is only ∼ 55%. If the assumption also holds for our fainter samples, the fraction of flat spectrum sources that are quasars drops from ∼ 80% at 1 Jy to only ∼ 10% at 10 mJy. However, because we find a plateau in the quasar fraction for the radio flux density between 50 and 250 mJy, greater completeness is needed in the faintest samples to understand the radio source population at these faintest radio flux densities. The FKM models for the radio luminosity function, as earlier studies by Dunlop & Peacock (1990) , treated the flat-spectrum sources as a single population. Clearly, any new estimate will need to divide the flat-spectrum sources into two populations, "quasars" and "galaxies", where the quasars have higher average radio luminosities and redshifts (and hence fluxes) than the galaxies.
FKM also noted that the average source redshift was nearly constant in the fainter samples. Figure 4 shows the mean redshift of the samples as a function of flux density. The low completeness of the two faintest samples (ours and Marlow et al. 2000) makes the interpretation tentative, but the average of the measured redshifts is declining in the faintest sample. The ease of measuring redshifts probably means that we first measure the redshifts of all quasars, and then slowly measure the redshifts of the galaxies starting at lower redshifts where the galaxies will tend to be brighter. This will generally mean that when quasars dominate the sample, completing the redshift measurements will reduce the mean redshift, but that when galaxies dominate the sample, completing the redshift measurements will raise the mean redshift.
In deriving cosmological limits from the statistics of the radio lens surveys, FKM considered 3 models for the distribution of unmeasured redshifts in the redshift surveys of flat-spectrum sources (see also Kochanek 1996 for details about the radio luminosity function model construction). Case A assumed the completeness was independent of redshift, case B assumed that completeness declined linearly with increasing redshift, and case C assumed that it increased linearly with increasing redshift. Case B (Case C) implies higher (lower) average source redshifts leading to lower (higher) estimates of the matter density Ω m for a given number of lenses. It appears from Figure 4 that even the conservative Case C estimate for the completeness may have overestimated the mean redshift of the radio sources, perhaps explaining why the FKM cosmological limits marginally disagree with more popular estimates (e.g., Riess et al. 1998; Perlmutter et al. 1999) . The completeness models used by FKM do not represent a good model for the data described as galaxies versus quasars; but, new models for the flat-spectrum radio luminosity function should be based on more complete redshift samples. Table 8 summarizes the current status of the project providing for each sample the total number of sources, total number of sources spectroscopically identified, number of quasars, number of galaxies, number of sources with a spectroscopy detection but not a redshift determination (these objects named "detected" are probably galaxies rather than quasars), completeness in the measured redshifts, mean redshift and the standard deviation in the redshift distribution (for the total sample and split between quasars and galaxies). If the lower average redshift of our 3-20 mJy sample is not simply an artifact of either the sample or the completeness of our redshift measurements, then it is an important component necessary to revise the statistics of radio-selected lenses. In particular, it would mean that surveys of fainter radio sources for lenses would have reduced yields because of the lower average source redshift. . The histograms at negative redshifts show the numbers of objects with undetermined redshifts, note that the faintest sample has a very low redshift completeness. Note. -A † indicates a previously known source as per NED, for which we did not obtain spectra; HK and G are the CaII H&K lines and G bands, respectively; parentheses surrounding a list of lines indicate absorption; parentheses surrounding a redshift indicate a marginal measurement; D, E, L, Q, B, N and b indicate respectively a detected object, an early-type galaxy, a late-type galaxy, a quasar, a quasar with broad absorption lines, a quasar with narrow absorption lines and a BL Lac object. Note. -See Table 1 for comments and definitions of object types. An asterisk indicates a hesitant optical identification from the I-band images (mainly due to the presence of several objects); the given I-band magnitude is tentative until the spectroscopic identification is performed. A question mark next to the type of object indicates a tentative identification of the spectral features (see text for details). Note. -See Table 1 for comments and definitions of object types. An asterisk indicates a hesitant optical identification from the I-band images (mainly due to the presence of several objects); the given I-band magnitude is tentative until the spectroscopic identification is performed. ‡ GB0824+3132 has a galaxy companion at the same redshift, with similar spectral features and separated only by ∼ 2 arcsec. Note. -All flux densities are accumulated over all source components, and errors are r.m.s. uncertainties for the total flux density. Corrected 6 cm flux densities are adjusted to account for the excess of NVSS over FIRST flux, and the spectral index α is computed between the corrected 6 cm and NVSS flux densities.
† VLA morphology codes: P=point; G=part of a lobed galaxy; Q=quasi-point; F=faint. 
